Purpose: Resection of the hippocampus can cause verbal memory decline, especially in the pediatric population. Thus, preservation of the hippocampus can be crucial for the quality of life of children with intractable temporal lobe epilepsy (TLE) who are candidates for epilepsy surgery. We investigated techniques that determine whether the hippocampus is part of the epileptogenic zone and the outcomes of pediatric surgery aimed to spare the hippocampus. Methods: We accessed data of children with normal hippocampus on MRI, who underwent surgery for medically refractory TLE. To identify epileptogenic areas, electrocorticography was performed in patients with space occupying lesions adjacent to the hippocampus, and long term invasive monitoring in patients with nonlesional TLE. Postoperative seizure control was classified according to Engel I-IV; Class I indicates seizure-free. Results: Eleven females and 11 males met study inclusion criteria; the mean age at surgery was 11.3 years. Cortical and hippocampal electrocorticography was performed in 15 patients and long term invasive hippocampal monitoring in seven. The hippocampus was preserved in 16 patients (73%) while hippocampectomy was performed in 6 (27%). At the end of a mean follow-up of 3.5 years, 94% (15/16) of the patients who did not undergo hippocampectomy were classified as Engel I, compared to 50% (3/6) who underwent hippocampectomy. Conclusion: Sparing the hippocampus in temporal lobe epilepsy surgery is possible with excellent seizure outcome, while using the proper intraoperative technique.
Introduction
Temporal lobe epilepsy (TLE) is the cause of medically intractable seizures in 8 to 20% of pediatric epilepsy cases [1, 2] . Good seizure outcome, 2-5 years after temporal lobe surgery, was reported in 72-86% of patients [3] [4] [5] [6] ; yet outcome has been shown not to remain stable over time and to decline to 41-67% in followup of more than 10 years, both in children [6] [7] [8] and adults [9] . Three systematic reviews that analyzed mostly data of adult patients concluded that tailored surgery for lesional TLE that included the amygdala and hippocampus conferred better seizure outcomes than gross-total resection (GTR) alone [10] [11] [12] . Better epilepsy outcomes have been reported even when the hippocampus appeared normal in MRI studies [13] and when tumors did not invade the hippocampus [14] . In children, data are more sparse and less conclusive. Some pediatric studies have claimed better seizure outcomes following more extensive surgical resection [6, [15] [16] [17] . However, no benefit in seizure outcomes was observed in a cohort of children who underwent tailored resection according to epileptogenicity compared to those who underwent GTR alone [18] . Moreover, unsatisfactory seizure results were reported in pediatric patients who underwent amygdalohippocampectomy (AH) and left-sided surgery, compared to patients who had anterior temporal lobectomies and lesionectomy alone [4] . The above studies were retrospective, and did not generally account for the presence and location of lesions in relation to the hippocampus. When a lesion is cortically based and is not near the mesial structure, lesionectomy alone can achieve good seizure outcome, also in children [16] . When the lesion involves the hippocampus or when the mesial structures look abnormal in the MRI there is a clear indication to resect the hippocampus and amygdala in pediatric patients [19] . On the other hand, it is unclear whether the mesial temporal structures should be resected when the lesion is in close proximity to a hippocampus that appears normal on MRI. The role of hippocampectomy in nonlesional temporal lobe epilepsy is also unclear. Moreover, the potential effects of resection of the medial temporal lobe structures and the risk factors for postoperative verbal memory decline in children have not been extensively investigated. Skirrow et al. [20] recently reported that better verbal memory was linked to greater post-surgical residual hippocampal volumes, mainly in the left hemisphere [20] .
The goal of temporal lobe epilepsy surgery is to resect the epileptogenic zone while preserving the functional areas, specifically the hippocampus. In this paper we aimed to assess the decision making process regarding resection of the hippocampus in children with intractable temporal lobe epilepsy and without a lesion in the hippocampus as per MRI. We expected that patients who did not undergo hippocampectomy would have noninferior seizure outcomes compared to patients who underwent hippocampectomy.
Methods
We reviewed the medical charts of all children ( < age 18 years) who underwent temporal lobe surgery for drug resistant epilepsy by one surgeon (MB) in two departments of neurosurgery between January 2008 and December 2015. We included in the study patients with temporal lesions involving the gyri adjacent to the hippocampus and with normal hippocampal appearance on MRI. We also included patients with nonlesional epilepsy and normal MRI. To state explicitly, children with cortical based lesions that were distant from the hippocampus by at least one gyrus gap and children with mesial temporal sclerosis and any hippocampal abnormality as per MRI were excluded from the analysis. MRI showing a normal hippocampus, on both sides, was a study inclusion criterion, as was the availability of follow-up data for at least one year. We reviewed the medical records for demographic data, age at seizure onset, age at surgery, and postsurgical seizure types and frequency. We also recorded the preoperative electroencephalogram (EEG) and video EEG (VEEG), neuroimaging studies and functional investigations. The operative notes were reviewed for intraoperative complications, before and after resection electrocorticography (ECoG) and pathology of the temporal resections. All children were with medically refractory epilepsy, had undergone a comprehensive presurgical evaluation and had been previously evaluated by EEG. All patients had undergone prolonged VEEG monitoring and MRI in a mesial temporal sclerosis protocol. For some patients, fMRI scanning was used to determine cerebral dominance for language. 
Intraoperative ECoG
For patients with space occupying lesions (SOL), ECoG was performed using a 20-electrode surface array (Ad-Tech Medical Instrument Co., Racine, WI). Another four-electrode strip array was placed over the hippocampus to record the pre-excisional epileptiform discharges. When the lesionectomy was completed, post-excisional ECoG was performed from both the cortex and the hippocampus, and according to the residual epileptiform discharges. Decisions were made regarding the requirement for further cortical resection or amygdalohippocampectomy.
Invasive monitoring
For patients with nonlesional TLE, long term invasive monitoring was performed. After performing the craniotomy and the dural opening, the central sulcus was identified indirectly by determining the inversion polarity (phase reversals) on somatosensory evoked potential recording after median nerve electrical stimulation. Then, confirmation of the precentral (motor) gyrus was achieved using direct cortical stimulation. Sixty-four electrode surface array subdural grids (Ad-Tech Medical Instrument Co.) were placed to cover the lateral surface of the temporal and frontal lobes, using data from the semiology of the seizures, interictal and ictal scalp EEG recordings, interictal spike sources, and speech areas as detected by fMRI. In addition, ipsilateral subdural strips were placed to cover the anterior temporal tip and the inferior surface of the temporal lobe. Depth electrodes were placed to capture ictal data from the anterior greater regions of the temporal lobe, which could be provided by the subdural grid per se, specifically the anterior and posterior hippocampus, by frameless stereotaxic navigation (Fig. 1) . The patients were monitored for 5 days for interictal epileptiform discharges and for ictal seizure onset. Mapping of motor, sensory and language functions was performed in 1-2 sessions on the 3rd or 4th day after grid implantation. After obtaining sufficient data regarding the functional cortex and regions of epileptogenesis, the subdural grid was removed and epileptic regions were resected. The decision as to the need for hippocampal resection was made on the basis of the invasive monitoring data alone. However, in some cases, intraoperative electrocorticography was conducted in addition, to guide the extent of neocortical resection.
Postoperative seizure outcome
For the purposes of this study, postoperative seizure control was classified using the Engel scheme: Class I, seizure-free postoperatively; Class II, rare disabling seizures; Class III, worthwhile improvement; and Class IV, no worthwhile improvement.
Data analysis
To determine factors that predict seizure outcome, comparison between groups, Pearson x2 and Fisher's exact tests were used. To identify predicting factors of seizure outcomes, further statistical analyses were performed. These analyses included the following clinical variables: 1) age at seizure onset; 2) duration of seizures before surgery; 3) age at surgery; 4) whether or not the mesial structures were resected and 5) histological features (for example, neoplastic versus nonneoplastic status). Each of these variables was entered into a univariate logistic regression analysis in which the dependent variable was Engel Class I vs. Engel Class II-IV outcome. In this analysis, a p < 0.05 was used to indicate statistical significance. Table 1 describes the patient demographics including gender, age of onset of seizures, age at time of surgery, developmental exam and hand dominance. Eleven females and 11 males met study inclusion criteria. The mean age at the time of surgery was 11.3 years. 
Results

Patients
Seizure history
The mean duration of seizures prior to surgery was 2.8 years. The mean age at the first seizure was 8.7 years. Semiology and preoperative interictal and ictal EEG recordings identified temporal lobe epilepsy in all patients; frontal epileptiform discharges were noted as well in 6 patients. The mean number of anticonvulsants tried before surgery per patient was 5.3.
Preoperative MRI
Lesions were identified or suspected on MRI in 18 patients. For 4, the MRI scans were reported as normal (patients #1,2,3 and 9, Table 1 ). In all patients the hippocampus was reported as normal on both sides, this being a criterion for study inclusion. For 2 patients, the preoperative MRI suggested a diagnosis of focal cortical dysplasia. Other lesions identified by MRI included cavernous malformation, dysembryoplastic neuroepithelial tumor (DNET), ganglioglioma, low grade glioma and non-specific signal changes. Thirteen children underwent fMRI. Left language dominance was suggested in 9 patients and bilateral language activation in 3. For one additional patient, the fMRI results were unreliable due to the young age of the patient.
Temporal lobe surgery
In 12 patients, a left temporal procedure was performed; and in 10, a right one. In 15 patients with suspected neoplastic lesion on MRI, the hippocampus was exposed and cortical and hippocampal ECoG was performed. A lesionectomy alone was performed in 7 patients, with significant improvement of the ECoG recording both from the cortex and from the hippocampus. In one patient (#5) an arachnoid cyst medial to the hippocampus was fenestrated after the first ECoG and was connected to the temporal horn. A second ECoG was performed about 10 min following the fenestration and no epileptiform discharges were noted (Fig. 2) . In 4 patients lesionectomy and anterior temporal lobectomy (ATL) were performed with improvement of the ECoG recording.
In another 3 patients (#16,17,20, Table 2 ) the hippocampal ECoG did not show any change before and after lesionectomy and ATL, so hippocampectomy was performed as well (Fig. 3) . In 2 patients the hippocampus was resected on the right side and in the third, on the left.
Long term invasive monitoring was performed in 7 children. Epileptic activity arising from the hippocampus, according to the depth electrode recording, was indication for AH. In four patients the preoperative MRI was reported as normal; of them, two (#3,9, Table 2 ) underwent hippocampectomy. In 2 patients, cortical dysplasia was suspected: one of them (#14) underwent hippocampectomy. For one girl (#12) the suspected tumor was closely related to the Wernicke area; in a second surgery, she underwent hippocampectomy. For all 7 patients who underwent long term invasive monitoring, subdural grid and depth electrodes were inserted into the mesial temporal structures, or into a structural abnormality, as seen on frameless stereotactic MR imaging, as described. In three patients (#3,9,14, Table 2 ), contacts located in the hippocampus were part of the seizure onset zone and these children underwent AH. The hippocampus was spared in the remaining four children, in whom the epileptogenic zone was presumed to reside in the neocortex, according to invasive monitoring.
Neuropathology
The neuropathological findings of the specimens removed at surgery for the 22 patients are described in Table 2 . For all patients, a neuropathological diagnosis was achieved from the resected specimens. Four children had cortical dysplasia (3-Ib and 1-IIb), 2 cortical dysplasia (both type Ia) and gliosis, 2 had cavernous malformation; 5 a DNET; 4 ganglioglioma; 2 meningioangiomatosis, one pilocytic astrocytoma, one arachnoid cyst and one oligodendroglioma. All tumors were classified as WHO stage I, except the oligodendroglioma, which was WHO stage II.
Post-operative complications
There were no postoperative mortalities. One child (# 18, Tables 1 and 2 ) underwent same day recraniotomy due to epidural hematoma in the surgical site. After evacuation of the hematoma the child recovered completely. For one child (#12 , Tables 1 and 2) who underwent a GTR of the oligodendroglioma, the tumor recurred 4 years after the first procedure (she was seizure free during that period) and a second surgery was performed, this time with resection of the mesial structures. The pathology diagnosis was glioblastoma multiforme and the child passed away one year later. Only the outcome before tumor recurrence was taken into consideration for this report. Two children experienced homonymus superior quadrantopsia that was confirmed by a neuroophthalmologist.
Seizure outcome
The mean follow-up of the 22 patients was 3.5 years. At the end of follow-up, 18 patients were classified as Engel I (82%), 2 as Engel Fig. 2 . A 15 month old boy (#15) with an arachnoid cyst (white arrow) compressing the hippocampus (A, B). The cyst was fenestrated using a transcortical approach through the medial temporal gyrus and opened into the right temporal horn. A post-operative MRI displays the decrease in the volume of the cyst and the release of pressure on the right hippocampus (C). The hippocampus remained intact and the patient is seizure free.
II (9%), and 2 as Engel III (9%). Fifteen of the 16 (94%) patients who
did not undergo AH were classified as Engel I, and the remaining one as Engel II. Of the 6 patients who underwent AH, only 3 were classified as Engel I; one as Engel II and 2 as Engel III. Of the 2 patients classified as Engel III, one (#3) had nonlesional epilepsy and the mesial structures were resected on the left side, after long term invasive monitoring. The other patient (#20) had right-sided DNET with intraoperative abnormal hippocampal ECoG. He underwent gross total resection with AH, and was seizure free for 3 months. A second surgery with long term invasive monitoring was suggested, yet the family refused. Left-sided surgery was performed in the 2 patients classified as Engel II (#1, #9); both were right-hand dominant with left fMRI-language.
A favorable surgical outcome (Engel I and II) was obtained in 3 of the four patients with non-lesional MRI (#1, 2, 3 and 9) and in 17 of the 18 lesional cases. However, only 25% (1/4) of the non-lesional cases achieved Engel I outcome, compared with 94% of the lesional ones. None of the clinical variables tested for prediction of seizure outcome: age at seizure onset, seizure duration, type of surgery, pathological features and age at surgery reached statistical significance. Thus, we could not identify predictors for favorable seizure outcome.
Discussion
In this study, we reviewed the medical records of 22 children who had surgery for intractable temporal lobe epilepsy and normal hippocampus. The surgeries were intended to resect epileptogenic zones, while attempting to preserve the mesial structures. Overall, favorable outcomes, according to Engel class I, were found in 82% (18/22) of the patients. While this rate appears consistent with the pediatric medical literature, no other study selected patients according to the criteria applied here, specifically a normal appearing hippocampus on MRI; and either a temporal lesion adjacent to the hippocampus or no lesion at all. For pediatric patients with these characteristics, we confirmed our hypothesis of noninferior seizure outcomes following surgery without AH, compared to surgery with AH; Engel I in 94% (15/16) vs. 50% (3/6).
In the procedures documented in this study, ECoG in children with lesions, and invasive monitoring in children without lesions, were used to identify epileptic foci and to determine the extent of resection, including the possibility of hippocampectomy. In their pediatric study, Clusmann et al. [4] suggested that difficulty in precisely locating the epileptogenic focus in children could explain the lack of improvement they observed in seizure outcomes following AH compared to ATL. Indeed, good seizure control was achieved for 83% of their patients with hippocampal sclerosis; and poorer results for children who underwent AH due to a less defined abnormality in the lateral temporal lobe, or due to a tumor, or who had normal histological features or dysplasia. Other studies have reported good seizure outcomes in pediatric patients with hippocampal sclerosis [6, 19] ; outcomes in children were assessed as comparable to those in adults [21] . Disagreement as to the performance of hippocampectomy arises in cases of no apparent lesion in the hippocampus. Dual pathology [22] has become well recognized as a driver of epileptogenesis in TLE, in both children and adults. The implication is that seizures continue after surgery, even following GTR. Thus, procedures that identify extra-tumoral epileptogenic tissue and tailor resection accordingly have become the mainstay of treatment for TLE, and improving means for identification of epileptogenic zones is a priority.
In the current study, all 15 patients with SOL underwent cortical and hippocampal ECoG, and all 12 children in whom the hippocampus was spared based on the ECoG results had Engel I outcome. While the benefit of this procedure in achieving better seizure outcomes is not conclusive, its intraoperative use in identifying epileptogenic areas outside tumors has persisted over many years. Two systematic reviews of observational studies [10, 11] reported similar rates of seizure freedom between patients for whom ECoG was and was not used. However, they warranted caution in interpretation of their findings, since ECoG may be used in more severe cases of epilepsy, as was demonstrated in a study of adults that addressed this matter [23] . Pediatric studies have shown positive seizure outcomes following ECoG [16, 24] , which, in long term follow up, were shown to surpass those of patients who underwent lesionectomy without ECoG [24] . In an earlier study, we showed that the grading of postexcision ECoG according to epileptiform discharges did not predict seizure outcome [3] . Nonetheless, ECoG continues to be used in our department to guide the extent of resection in pediatric epilepsy surgery. We report seizure free results in 93% (14/15) of patients with SOL compared to 57% (4/7) with nonlesional and dysplastic lesions. In retrospect, some of the pathological lesions of the four MRInegative cases may have been detected on higher Tesla MR's. Epileptogenic zones in the hippocampus were more often detected in nonlesional than lesional patients: 57% (4/7) vs. 20% (3/15). As described, the performance of AH did not necessarily contribute to seizure freedom. Studies in adults show poorer seizure and neuropsychological outcomes in patients without lesions. One study showed better seizure outcomes following lobectomy in TLE patients with lesions than without; outcomes of the latter were similar to patients with lesions outside the excision area [9] . In another study, postoperative memory loss was greater for TLE patients without lesions, according to preoperative MRI and histopathological findings, than for matched TLE patients with abnormal MRI, despite better preoperative memory in the former [25] Overall, according to a meta-analysis that included 697 patients with nonlesional epilepsy and 2860 patients with lesional epilepsy, the odds for becoming seizure free were 2.7 higher for the lesional cases, in both children and adults [26] . Thus, the better surgical outcome in our lesional cases is in line with the literature and is not directly related to whether the hippocampus was resected or spared.
The procedure for AH in the current study included resection of the TLE. Selective AH as described by Yasargil et al. [27] was the procedure documented in several studies, including Clusmann et al's pediatric study [4] . A systematic review that analyzed 3 prospective and 10 retrospective studies concluded that seizure free outcomes were better following ATL than selective AH [28] Interestingly, a review of 53 studies did not find any certain surgical approach for TLE to demonstrate an advantage in seizure outcomes [29] . This highlights the importance of clearly defining preoperative characteristics for any comparison between surgical procedures, as was done in the current study.
We did not find the side of surgery to correlate with seizure outcome. In contrast, left-sided surgery was found to predict poor seizure outcome among pediatric patients who underwent ATL, and particularly among those who underwent AH [4] . Laterality of the lesion (dominant or nondominant hemisphere) [19, 30] , neuropsychological assessment [19] , intraoperative language mapping [31] , and the timing (early or late) of seizure onset [32, 33] are factors that have been considered in determining extent of resection.
As with most studies on epileptic surgery, the main outcome investigated in this study was freedom from seizures. Postoperative neuropsychology testing was not performed, this being a limitation of the study. A recent retrospective study showed a decrease in verbal memory in children following left temporal lobe surgery that includes mesial structures, particularly when language representation is in the left hemisphere [34] . Importantly, that study did not find a correlation between seizure freedom and postsurgical decline in verbal memory. This highlights the importance of preserving the hippocampus, when possible, especially in children; and calls for more attention to neuropsychology evaluation, which is evidently a distinct outcome from seizure freedom.
We emphasize that the findings of this study are relevant to the pediatric population only. Apparently, studies on epilepsy surgery should distinguish clearly between patient and adult populations. One systematic review of TLE surgery concluded that children became seizure-free more often than adults after tumor resection [10] and another reported no difference in seizure outcomes between adults and children [11] . In two studies that compared seizure outcomes between children and adults following similar surgeries, the adults fared better [35, 36] . Differences in outcomes between children and adults may stem from differences in preoperative evaluation, such as greater difficulty to evaluate pediatric MRI scans; [4] in clinical characteristics such as less clear ictal EEG pattern [1] or more multifocal discharges in children; [36] in pediatric pathology, such as lower frequency of hippocampal sclerosis and higher frequency of dual pathology and etiologies such as temporal sclerosis, cortical dysplasia, trauma and vascular malformations; [37] and in a broader impact on neurocognitive function in children due to brain development. In children, the plasticity of the brain may promote better recovery, yet the impact of cognitive decline on development may have serious consequences. We did not find duration of epilepsy to correlate with seizure outcomes; however, our cohort was small. Long epilepsy duration has been identified as an important risk factor for surgically refractory seizures [37] . Thus, the consideration of early surgical treatment for medically intractable TLE is recommended for children.
Seizure outcome following epilepsy surgery during childhood does not remain stable over time [9, 38] . A review of 42 children following temporal lobe surgery revealed a seizure freedom rate of 77% at 1 year, which decreased to 67% at 10 years [8] . A similar decline, from 61% at 1 year to 41% at 10 years was noted in a large retrospective review of 325 adult and pediatric patients who underwent anterior temporal lobectomy [9] . A cohort study of patients who underwent temporal lobectomy during childhood found that 58% of the patients who were seizure free at 5 years follow-up experienced seizure recurrence within the subsequent 10 years [7] . Second surgery may be effective in patients with seizure relapse. At that point, re-evaluation of the epileptogenic zone may lead to hippocampal resection if it was spared in the first operation.
The retrospective design is a limitation of this, as well as the vast majority of studies on epilepsy surgery. In particular, analysis of clinical decision making is generally problematic in retrospective studies. However, the fact that the same surgeon performed all the operations during the study period mitigates for such. Other limitations of this study are the relatively small number of patients and the heterogenicity of the lesions. The analysis of seizure outcomes in pediatric patients with similar clinical characteristics and the inclusion of children without lesions are strengths of this study.
Conclusion
In this paper, we presented seizure outcomes of intraoperative techniques to determine whether the hippocampus is part of the epileptogenic zone in pediatric patients with lesions located close to the hippocampus (but separated from it by at least one gyrus gap) or with nonlesional TLE. Such patients would be subjected to AH according to the literature regarding adults [14] . In the current pediatric cohort, the hippocampus was preserved in 16 patients (73%) while hippocampectomy was performed in 6 (27%). Excellent seizure outcomes were achieved when the hippocampus was spared, implying that hippocampal sparing does not negatively influence epilepsy surgery results in children. Since verbal memory decline can significantly influence a child's quality of life, every effort should be exerted to preserve the mesial temporal structures, mainly the hippocampus.
Funding
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.
